Introduction {#s001}
============

U[nderstanding and triggering]{.smallcaps} the interaction of cells with synthetic materials are of fundamental importance in many biotechnological applications: biosensors, microfluidics, drug and protein delivery, tissue engineering, and regenerative medicine. Cell adhesion takes place through an intermediate layer of matrix proteins previously adsorbed on the material surface, coming from either the physiological fluids *in vivo* or culture medium *in vitro*, such as fibronectin (FN), vitronectin, and fibrinogen, representing the soluble matrix proteins in the blood.^[@B1]--[@B3]^ The activity of a protein after adsorption on a synthetic surface (i.e., the concentration, distribution, and motility of the adsorbed protein layer) plays a fundamental role in the biofunctionality of a synthetic material and is of paramount importance to understand the biological response of a substrate.^[@B4]^ Cells primarily interact with these proteins via integrins, a family of transmembrane receptors that link the extracellular matrix (ECM) to the actin cytoskeleton.^[@B5]^ Integrins play an important role in cell adhesion. After ligand binding with ECM proteins, integrins cluster into focal adhesions that contain structural proteins^[@B5],[@B6]^ and signaling molecules (e.g., focal adhesion kinase \[FAK\], a nonreceptor protein tyrosine kinase). Cell migration, proliferation, and differentiation are triggered by FAK activation, which works as an integrator.^[@B7]^

Similar to the natural interactions of cells with the extracellular matrix, the cell--material interaction is a dynamic and complex bidirectional process.^[@B3],[@B8]^ Cells receive inputs from the surrounding ECM and process it to secrete and remodel their matrix.^[@B1],[@B5],[@B9],[@B10]^ Protein remodeling at the cell--material interface is an important factor to direct cell behavior on biomaterials for regenerative medicine and tissue engineering. When a biomaterial is implanted *in vivo*, adjacent cells do not always interact properly with its synthetic surface, most likely due to the lack of an ECM. The proteolytic remodeling of matrix proteins at the biomaterial\'s interface has only recently received attention.^[@B11]--[@B14]^ It is well known that cells tend to rearrange adsorbed matrix proteins at the material interface. We have shown that the activation of proteolytic routes is sensitive to surface chemistry,^[@B15]^ but there is still a lack of information about the organization and dynamics of the ECM at the cell--material interface. The main mechanism for ECM degradation and removal is the proteolytic cleavage of ECM components.^[@B16],[@B17]^ The major enzymes that degrade ECM are matrix metalloproteinases (MMPs). This is a family of zinc-dependent endopeptidases that are involved in the degradation of ECM proteins together with other proteinases such as urokinase, plasmin, thrombin, and tissue plasminogen activator. MMPs can be either secreted or bound to the cell membrane in combination with different receptors and integrins.^[@B18]^ MMPs are known to play a role in pathological situations (cancer) but also in physiological situations (development) and in activating signaling molecules to restore homeostasis.^[@B11],[@B17],[@B19]^

Poly(ethyl acrylate) (PEA) is a synthetic material able to drive the organization of FN into physiological-like protein (nano) networks, a process that we have called material-driven FN fibrillogenesis.^[@B20]--[@B24]^ Here we address the ability of cells to remodel the FN fibrils assembled upon adsorption. Our overarching hypothesis is that the state (in terms of conformation, organization, and strength of interaction) of the layer of proteins adsorbed at the material interface will fine-tune the ability of cells to reorganize and degrade the ECM. To explore that idea, we used substrates of slightly different surface chemistry, PEA and poly(methyl acrylate) (PMA), on which very different conformations of FN occur upon simple adsorption from a protein solution. FN molecules remain globular and isolated on PMA, but material-driven FN fibrillogenesis occurs on PEA.^[@B20]^

Materials and Methods {#s002}
=====================

Preparation of samples {#s003}
----------------------

Polymers were synthesized by radical polymerization of methyl acrylate and ethyl acrylate (Sigma-Aldrich, Steinheim, Germany). The initiator was benzoin at 1 wt% and 0.35 wt% respectively (98% pure, Scharlau, Barcelona, Spain). Afterwards, the samples were dried to constant weight. Spin-coating was used to coat glass coverslips and produce thin films of these polymers (Brewer Science, Rolla, MO). Polymer solutions were made in toluene with 6% PEA or 2.5% PMA. Samples for 24- and 6-well assays were centrifuged for 30 sec at 27 and 56 *g*, respectively. Finally, samples were dried at 60°C in vacuum.

Atomic force microscopy {#s004}
-----------------------

A multimode device (NanoScope IIIa with Nanoscope 5.30r2 software, Veeco, Manchester, United Kingdom) operating in tapping mode 5%--10% below the resonance frequency was used for atomic force microscopy (AFM) experiments. Silicon cantilevers with stiffness 2.8 N/m and resonance frequency of 75 kHz (Veeco). Drive amplitude was 600 mV and the amplitude setpoint A~sp~ (1.8 V) was kept at 80% of the free amplitude, maintaining the drive amplitude at 600 mV.

Protein adsorption {#s005}
------------------

FN (human plasma, Sigma, St. Louis, MO) solutions in phosphate-buffered saline (PBS; 2 and 20 μg/mL) were used for AFM and quantification studies. Standard denaturing conditions were employed to separate FN from the samples as explained elsewhere.^[@B23]^ Using a semidry transfer cell system (Biorad, Hercules, CA), proteins were transferred to a polyvinylidene difluoride membrane (GE Healthcare, Madrid, Spain), and blocking was done by immersion in 5% skimmed milk in PBS. A rabbit antihuman FN polyclonal antibody (Sigma, 1:500) was used in PBS/0.1% Tween-20/2% skimmed milk to incubate the blot for 1 h at room temperature and then washed with PBS/0.1% Tween-20. Subsequently, the blot was incubated in HRP-conjugated secondary antibody (GE Healthcare) diluted 1:20,000 (in PBS/0.1% Tween-20/2% skimmed milk). Prior to exposing the blot to X-ray, a chemiluminescence-based system was used (GE Healthcare). Calibration was done using several dilutions of the FN solution and quantified by custom-made image analysis software.^[@B23]^

Antibody assay for FN conformation {#s006}
----------------------------------

After rinsing (PBS) and blocking (bovine serum albumin \[BSA\]/Dulbecco\'s PBS \[DPBS\]), HFN7.1 antibody (Developmental Hybridoma, Inc., Iowa City, IA) was used to assess the availability of the flexible link that joins the 9th and 10th type III FN domains. Primary antibody incubation (1:4000) was done for 1 h at 37°C. Washing (0.5% Tween 20/DPBS) and subsequent incubation in alkaline phosphatase--conjugated secondary antibody (1:5000) was done at 37°C for 1 h. Finally, surfaces were incubated in 4-methylumbelliferyl phosphate (4-MUP; Sigma) for 45 min at 37°C. A plate reader (Victor III, PerkinElmer, Waltham, MA) was used to quantify the reaction with fluorescence at 365 nm/465 nm.

Cell culture {#s007}
------------

NIH3T3 cells (European Collection of Cell Cultures, ECACC) were used. Cells were maintained prior to seeding on FN-coated substrates, in Dulbecco\'s modified Eagle\'s medium (1% penicillin-streptomycin and 10% calf serum). Cells were passaged twice a week using standard protocols. Material samples were coated with FN at concentration 2--20 μg/mL. Then, 2.6×10^4^ (24-well) or 3×10^5^ (6-well) cells were seeded and maintained at 37°C with 5% CO~2~ for 3 h. All cultures were realized in absence of calf serum except for integrin binding and gene expression (first hour without). Each experiment was performed in triplicate.

Immunofluorescence (vinculin) {#s008}
-----------------------------

After 4 h of culture, NIH3T3 cells were washed in DPBS (Gibco) and fixed in 10% formalin solution (Sigma) at 4°C. To permeabilize, cells were incubated for 5 min with 103 g/L sucrose, 2.92 g/L NaCl, 0.6 g/L MgCl~2~, 4.76 g/L HEPES buffer, 5 mL/L Triton X-100, pH 7.2. After blocking (1% BSA/DPBS), cells were incubated with vinculin primary antibody (Sigma, 1:400) for 1 h at room temperature and then rinsed in 0.5% Tween-20/DPBS. Cy3-conjugated secondary antibody (Invitrogen, Paisley, United Kingdom; 1:200) and BODIPY FL phallacidin (Invitrogen, 1:100) were dissolved together in 1% BSA/DPBS cells were then incubated with the mixture 1 h at room temperature. After washing, samples were mounted in Vectashield containing 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). Visualization was done with a Nikon Eclipse 80i (Amsterdam, The Netherlands) fluorescent microscope.

Integrin binding {#s009}
----------------

Bound integrins to FN were visualized via immunofluorescence following cross-linking and lysis of cellular components after 1.5 and 4 h. Samples were rinsed and integrin-FN pairs crosslinked for 20 min using ice-cold DTSSP (1.0 mM in DPBS/2 mM dextrose). The cross-linker not involved in the reaction was neutralized (50 mM Tris in DPBS) for 15 min and afterwards cells were removed in 0.1% SDS/350 mg/mL phenylmethylsulfonyl fluoride in DPBS. After rinsing and blocking (5% fetal bovine serum/0.1% Tween-20) for 1 h, anti--α~5~ integrin antibody was used to stain bound integrins (Millipore, Darmstadt, Germany; 1:400) for 1 h at 37°C. A Cy3-conjugated antibody (Jackson Research, Newmarket Suffolk, United Kingdom; 1:200) was used for visualization using a Nikon Eclipse 80i fluorescent microscope.

Protein expression analysis {#s010}
---------------------------

Protein extraction was done by lysing cells using RIPA buffer (50 mM Tris-HCl pH 7.4, 1% nonidet p-40, 0.25% sodium deoxycolate, 150 mM NaCl, and 1 mM EDTA) supplemented with protease inhibitor cocktail tablets (Roche, Madrid, Spain) after 4 h of culture. Microcon YM-30 Centrifugal Filters units (Millipore) were use to concentrate the lysates that were afterwards separated in 7%--10% SDS PAGE under denaturing conditions. Standard Western blot was used (described above) for FAK, pFAK, and α~5~. The same amount of protein was charged in every case as measured with NanoDrop (ThermoScientific, Waltham, MA). Blots were incubated independently for primary antibody, FAK (Abcam, Cambridge, United Kingdom; 400 ng/mL), pFAK (Abcam; 1 μg/mL), and α~5~ integrin (Santa Cruz Biotechnology, Santa Cruz, CA; 1:100). HRP-linked secondary antibody was used with different dilutions: 1:25,000 for FAK, 1:10,000 for pFAK, and 1:150,000 for α~5~ integrin. Supersignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL) was used before X-ray exposition.

Gene expression analysis {#s011}
------------------------

Gene expression (mRNA) of α~5~ and α~v~ integrins, MMP2, and MMP9 was analyzed after 4 h and 1 d of culture. RNAeasy Mini Kit (Qiagen) was used for RNA extraction, which was quantified using NanoDrop measurements (ThermoScientific). Afterwards, 1 μg was used as a template for SuperScript III RT (Invitrogen) and oligo(dT)~12--18~ (Invitrogen) for amplification. PCR experiments were done using Ampli Taq Gold 360 DNA polymerase (Invitrogen) Oligonucleotides are shown in [Table 1](#T1){ref-type="table"}. Independent experiments were done in triplicate.

###### 

Oligonucleotide Sequences Used for PCR Amplifications

  *Gene*          *Sequence*                       *Temperature (°C)*   *Reference*
  --------------- -------------------------------- -------------------- -------------
  α~5~ integrin   F: GGA CGG AGT CAG TGT GCT G     65                   [@B25]
                  R: GAA TCC GGG AGC CTT TGC TG                          
  α~v~ integrin   F: CAC CAG CAG TCA GAG ATG GA    60                   [@B26]
                  R: GAA CAA TAG GCC CAA CGT CT                          
  β-actin         F: TTC TAC AAT GAG CTG CGT GTG   64                   M_007393.3
                  R: GGG GTG TTG AAG GTC TCA AA                          
  Gapdh           F: GTG TGA ACG GAT TTG GCC GT    63                   NM_008084.2
                  R: TTG ATG TTA GTG GGG TCT CG                          
  MMP2            F: GCC ATC CTT TCT CAA AGT TGT   60                   [@B27]
                  R: GAG TTG GCA GTG CAA TAC CT                          
  MMP9            F: TGC CAC CAG GAA CAG G         61                   [@B28]
                  R: ACA GCC AAC TAT GAC CAG                             

Metalloproteinase activity analysis {#s012}
-----------------------------------

Gelatin zymography was performed using 15 μL of supernatant after 4 and 24 h of culture. The samples were mixed with an equal volume of 2× loading buffer (2.5 mM Tris-HCl pH 6.8, 25% glycerol, 4% SDS, 0.01% bromophenol blue) and incubated for 10 min at room temperature before loading to 10% gelatin-ready zymogram gel (Biorad, 1611167). Gels were run at 50 V for 4 h at 4°C. The gels were incubated in 2.5% Triton X-100 for renaturation for 30 min. They were then equilibrated in fresh developing buffer (50 mM Tris base, 200 mM NaCl, 5 mM anhydride CaCl, 0.02%, 30% brij-35) and incubated at 37°C overnight. Gels were stained with 0.5% Coomassie R-250 (40% methanol, 10% acetic acid) for 2 h and finally destained with destaining buffer (40% methanol, 10% acetic acid) for 1 h. Areas of protease activity appear as clear bands against a dark blue background where the protease had digested the gelatin substrate.

Statistical analysis {#s013}
--------------------

All experiments were performed in triplicate unless otherwise noted. Data are described as mean±standard error. SYSTAT 8.0 (SPSS) was used to for one-way ANOVA, and when differences were significant (95% confidence level), pair-wise comparisons were done using a Tukey *post hoc* test.

Results {#s014}
=======

Fibronectin adsorption {#s015}
----------------------

The molecular distribution of FN on the different substrates was previously studied by us using AFM.^[@B22]^ [Figure 1a](#f1){ref-type="fig"} includes the organization of FN on PEA and PMA after adsorption from solutions of different concentrations (2 and 20 μg/mL). For each substrate, FN organization and distribution on the surface depends on the concentration of the initial solution from which the protein is adsorbed. Adsorption from a FN solution of concentration 2 μg/mL leads to isolated FN molecules on the material surface. As the concentration of the FN solution increases, the formation of a FN network occurs on PEA (e.g., material-driven FN fibrillogenesis) but not on PMA.^[@B22]^

![Fibronectin adsorption and activity on the different substrates. **(a)** PEA and PMA chemical structure and fibronectin distribution on the different conditions as observed by the phase magnitude in AFM. The protein was adsorbed for 10 min from different solutions of 2 and 20 μg/mL concentration. **(b)** FN surface density after adsorption from two solutions with concentrations of 2 and 20 μg/mL. **(c)** Monoclonal antibody binding for HFN7.1 on the different substrates after FN adsorption from two solution of concentrations 2 and 20 μg/mL. **(d)** Activity of the adsorbed FN on the different substrates obtained by plotting the monoclonal antibody binding for HFN7.1 relative to the FN surface density calculated in **(b)**. ^+^There is a statistically significant difference between the conditions of 2 and 20 μg/mL; \*conditions with a significant difference (*P*≤0.05). PEA, poly(ethyl acrylate); PMA, poly(methyl acrylate); AFM, atomic force microscopy; FN, fibronectin.](fig-1){#f1}

The surface density of adsorbed FN was quantified indirectly from the amount of protein remaining nonadsorbed in the supernatant using Western blot.^[@B23]^ [Figure 1b](#f1){ref-type="fig"} shows the surface density of adsorbed FN from solutions of concentration 2 and 20 μg/mL. As expected, the amount of adsorbed FN was higher as the concentration of the protein solution increased. In contrast, there was no significant difference for the amount of adsorbed FN between material substrates at all FN concentrations, which remained constant and approximately 47 and 340 ng/cm^2^ for the 2 and 20 μg/mL FN solutions, respectively.

To evaluate the availability of integrin binding domains after FN adsorption, enzyme-linked immunosorbent assay with a monoclonal antibody was used ([Fig. 1c](#f1){ref-type="fig"}). This is a well-established method to probe for structural or conformational changes in adsorbed proteins.^[@B29],[@B30]^ HFN7.1 (monoclonal antibody) was directed against the flexible linker between the 9th and 10th type III repeats of FN, a probe for cell adhesion and integrin binding.^[@B31]^ Adsorption from the 2 μg/mL solution resulted in the same FN activity on PEA and PMA. Further increase of the concentration of the protein solution (20 μg/mL) provided higher activity of FN on PEA, but not on PMA. It is interesting to note that the amount of protein on a surface and its biological activity are two independent parameters. In our case, after the amount of protein on the surface was increased ∼10-fold, the activity measured by HFN 7.1 binding was almost the same, which revealed the role of protein--protein interactions in hiding the availability of the integrin binding sequence of FN. Since the same amount of FN is adsorbed on every material for each one of the adsorbing solutions, [Figure 1d](#f1){ref-type="fig"} represents the activity of the protein (availability of cell adhesion domains) as a function of the protein surface density, which revealed higher activity of FN on PEA than PMA for the highest FN density.

Cell adhesion {#s016}
-------------

To gain insights into the mechanisms controlling matrix remodeling on material-driven FN networks, we began by examining the organization of proteins involved in the formation of focal adhesion complexes by immunofluorescence. [Figure 2](#f2){ref-type="fig"} shows the distribution of vinculin in cells adhering on the different substrates. Poorly developed focal adhesions were observed on both PEA and PMA for the 2 μg/mL FN coating. However, well-defined focal plaques formed on PEA, but not on PMA, for the 20 μg/mL FN coating. Likewise, although the formation of F-actin fibers on PEA and PMA already occurred at the lowest FN concentration, more prominent F-actin cables terminating in well-developed focal adhesion complexes were found on PEA at the highest FN concentration ([Fig. 2](#f2){ref-type="fig"}).

![Cell adhesion and focal adhesion kinase (FAK) phosphorylation after 4 h on both substrates. **(a)** Distribution of focal adhesion protein vinculin and its incorporation into focal contact plaques. Scale bar=50 μm. **(b)** Representative Western blot bands for FAK and pFAK with quantification by image analysis of Western blot bands. The error bars represent the standard deviation of three independent experiments. ^+^There is a statistically significant difference between FN concentrations (2 and 20 μg/mL). \*Conditions with a significant difference (*P*≤0.05).](fig-2){#f2}

FAK localizes to focal adhesions to activate multiple signaling pathways that regulate cell migration, survival, proliferation, and differentiation.^[@B7]^ The phosphorylation of FAK at Y-397, the autophosphorylation site and a binding site for Src and PI-3 kinases,^[@B32]^ is shown in [Figure 2](#f2){ref-type="fig"}. It remained the same for PEA and PMA at the lower FN concentration, and it increased at the highest FN concentration (20 μg/mL). Moreover, higher levels of pFAK were obtained on PEA than PMA, revealing enhanced signaling from the substrate-assembled FN networks.

To gain insights into the adhesion mechanism on these synthetic FN matrices assembled at the material interface, we examined expression and binding of α~5~β~1~ integrin to the adsorbed FN since this receptor provides the primary adhesion mechanism in this cell model.^[@B33]^ First, we examined α~5~ integrin expression by Western blot ([Fig. 3a](#f3){ref-type="fig"}). No difference was found on PEA between the two FN concentrations used, with a similar expression level on PMA with FN at 2 μg/mL. Surprisingly, very low integrin expression was found on PMA after increasing the concentration of the adsorbing solution to 20 μg/mL. Afterwards, integrin binding to FN-coated materials was analyzed via immunostaining following cross-linking of bound integrins to FN and extraction of cellular components ([Fig. 3b](#f3){ref-type="fig"}). No significant differences were found among the material surfaces regardless of FN concentration, demonstrating that the substrate-assembled FN network does not alter integrin binding in the presence of serum.^[@B22]^

![α~5~ integrin expression after 4 h on the different substrates. **(a)** Representative Western blot bands for α~5~ integrin and quantification by image analysis of Western blot bands. The expected band for this antibody might be quite wide according to the manufacturer, which is why we developed in-house software to detect the band based on the intensity threshold criterion. Error bars represent the standard deviation of three independent experiments. ^+^Statistically significant difference between FN concentrations (2 and 20 μg/mL). \*Conditions with a significant difference. **(b)** α~5~ integrins bound to FN are observed after crosslinking and extraction of cellular components. Scale bar=10 μm (*P*≤0.05).](fig-3){#f3}

Gene expressions for α~5~ and α~v~ integrins were obtained by reverse-transcription PCR ([Fig. 4](#f4){ref-type="fig"}). α~5~ expression ([Fig. 4b](#f4){ref-type="fig"}) decreases with time but increases with FN concentration. At the lowest FN concentration (2 μg/mL), α~5~ expression was higher on PEA than PMA ([Fig. 4b](#f4){ref-type="fig"}), as it was, but with less difference, at the 20 μg/mL FN concentration. In addition, the opposite trend was found for α~v~ expression, which remained higher on PMA than PEA at both FN coatings ([Fig. 4c](#f4){ref-type="fig"}).

![Integrin adhesion quantified by gene expression of α~5~ and α~v~ integrins. **(a)** Representative bands of reverse-transcription (RT)-PCR for α~5~ and α~v~ integrins after 4 h and 1 day of culture on the different substrates (PEA, PMA, glass; unlabeled bands follow the same pattern). *Gapdh* was included as a constitutive gene. **(b, c)** Quantification of gene expression for α~5~ and α~v~ integrins on the different substrates. The intensity of each band was related to the level of *Gapdh* under the same conditions, and represented as fold change relative to the values obtained for 2 μg/mL on glass. Error bars are represented by the standard deviation of three different experiments. \*Conditions with a significant difference for every protein concentration and culture time (*P*≤0.05).](fig-4){#f4}

Matrix degradation {#s017}
------------------

Seeking to understand the relationship between FN adsorption, cell adhesion, and matrix remodeling, we next examined MMP2, MMP9, and MMP13 at both protein activity and gene expression levels. [Figure 5](#f5){ref-type="fig"} shows gene expression for MMP2 and MMP9 after 4 h and 1 day. The MMP2 level ([Fig. 5b](#f5){ref-type="fig"}) was lower on PEA than PMA at the highest concentration of the FN coating (20 μg/mL), that is, on the material-assembled FN fibrils. Only at the shorter time (4 h) and lower FN concentration (2 μg/mL) was MMP2 expression similar on PEA and PMA. The opposite trend was found for MMP9 expression ([Fig. 5c](#f5){ref-type="fig"}): similar levels were found on both PEA and PMA at every time but at 4 h at the lowest FN concentration (2 μg/mL).

![Matrix degradation quantified by gene expression of MMP2 and MMP9. **(a)** Representative bands of RT-PCR for MMP2 and MMP9 after 4 h and 1 day of culture on the different substrates (PEA, PMA, glass; unlabeled bands follow the same pattern). Gapdh was included as a constitutive gene. **(b, c)** Quantification of gene expression for MMP2 and MMP9 on the different substrates. The intensity of each band was related to the level of Gapdh under the same conditions, and represented as fold change relative to the values obtained for 2 μg/mL on glass. Error bars represent the standard deviation of three different experiments. \*Conditions with a significant difference (*P*≤0.05). MMP, matrix metalloproteinase.](fig-5){#f5}

Further insights in matrix degradation can be obtained by investigating MMP activity by gelatin zymography ([Fig. 6](#f6){ref-type="fig"}). Both the pro-form of the protein and the active one (MMP2) were highly dependent on the underlying material surface and the observation time, with higher level of activity on PEA than PMA ([Fig. 6c, d](#f6){ref-type="fig"}). Increasing the concentration of the FN solution did not significantly alter the activity of the protein. ([Fig. 6c, d](#f6){ref-type="fig"}). The activity of MMP9 and its forms ([Fig. 6b](#f6){ref-type="fig"}) could only be observed after 1 day of culture, while the pro-MMP13 behaved as MMP2 for the higher concentration of the FN solution ([Fig. 6e](#f6){ref-type="fig"}). That is to say, MMP13 was more active on cells seeded on the material-driven FN network after 1 day.

![Matrix degradation quantified by enzymatic activity of MMP2 and MMP9. **(a)** Representative bands of gelatin zymography for pro-MMP9, MMP9+TIMP-1, pro-MMP9, MMP9, pro-MMP2, MMP2, and pro-MMP13 after 4 h and 1 day of culture on the different substrates (PEA, PMA, Glass). **(b)** Amplification of representative bands of gelatin zymography for pro-MMP9, MMP9+TIMP-1, pro-MMP9, MMP9, and pro-MMP13 with the different substrates and FN adsorption at 1 day of culture. **(c, d, e)** Quantification of MMP2, pro-MMP2, and pro-MMP13 activity on the different substrates. Error bars are represented by the standard deviation of three different experiments. \*Conditions with a significant difference. TIMP, tissue inhibitors of metalloproteinase (*P*≤0.05).](fig-6){#f6}

Discussion {#s018}
==========

Material-based research direct cellular responses has demanded significant efforts to engineer materials that summarize the characteristics of the ECM, such as the presence of adhesive and degradable sequences.^[@B34],[@B35]^ Nevertheless, several attempts have been made to reconstitute the network structure and bioactivity of FN fibrillar matrices in a cell-free way. The structure of FN has to be changed in order to promote fibril assembly, which is why unfolding and denaturing agents as well as mechanical forces application have been used.^[@B36]--[@B39]^ We have previously shown that FN adsorption on PEA induces conformational changes in the molecule facilitating FN-FN interactions and driving FN fibril assembly.^[@B20]--[@B24]^ It is important to note that this material-driven assembly of FN on PEA occurs in a physiological-like way because it involves the 70 kDa amino-terminal regions of the molecule as *in vivo*.^[@B40],[@B41]^

We have previously shown the biological activity of this material-driven FN network in terms of cell adhesion, signaling, cytoskeleton organization, matrix reorganization, and cell differentiation.^[@B20]--[@B24]^ Here we address the link between material-driven FN assembly and matrix protein remodeling (degradation) at the cell--material interface, which we hypothesized must be related to integrin-mediated adhesion through the conformation of the adsorbed protein. We investigated two polymer surfaces that consist in a vinyl chain with a slightly different (one carbon) side group: PEA and PMA.^[@B22]^ These surfaces adsorbed the same amount of FN and showed similar wettability ([Fig. 1b](#f1){ref-type="fig"}). However, the conformation and distribution of the protein following passive adsorption onto these surfaces are completely different ([Fig. 1a](#f1){ref-type="fig"}). FN was self-organized into fibrils on PEA ([Fig. 1a-iv](#f1){ref-type="fig"}) as the so-called material-driven fibrillogenesis, whereas individual globule-like molecules or small molecular aggregates were present on PMA ([Fig. 1a-iii](#f1){ref-type="fig"}). FN fibril formation on PEA was dependent on the FN solution concentration, since lower concentrations (e.g., 2 μg/mL) result in dispersed adsorbed molecules.^[@B22]^

The amount of FN adsorbed on every surface (PEA, PMA) was approximately the same for both concentrations of the protein solution ([Fig. 1b](#f1){ref-type="fig"}). However, the different distribution of the protein revealed by AFM ([Fig. 1a](#f1){ref-type="fig"})---dispersed globular aggregates on PMA versus a network of assembled FN fibrils on PEA---also involved different availability of the integrin binding domain in FN: [Figure 1c](#f1){ref-type="fig"} shows significantly higher signal for the HFN7.1 antibody against the flexible linker joining the III9 and III10 domains of FN.^[@B31]^ Moreover, this higher activity of FN on PEA was very much dependent on the concentration of the protein solution, and it was drastically diminished upon adsorption from the 2 μg/mL FN solution ([Fig. 1c](#f1){ref-type="fig"}). To fully assess these results, we have included in [Figure 1d a](#f1){ref-type="fig"} representation for the availability of HFN7.1 antibody versus the amount of FN adsorbed on every surface. This representation clearly reveals the synergistic effect of the material-driven FN fibrillogenesis on FN activity, and it disregards any influence of the total amount of adsorbed FN in a comparison of results between PEA and PMA. The higher availability of cell adhesion domains for the material-driven FN fibrils on PEA supports previous results for the biological activity of this surface in terms of cell adhesion and differentiation.^[@B20]--[@B24]^

Differences in the availability of FN adhesion domains after adsorption on PEA and PMA from a solution of concentration 20 μg/mL influence the initial cell--material interaction, in terms of integrin expression, focal adhesion formation, and F-actin cytoskeleton development. We examined binding of α~5~β~1~ integrin to the adsorbed FN since this receptor provides the primary adhesion mechanism in this cell model.^[@B33]^ Immunofluorescence staining following crosslinking of bound integrins to FN and extraction of cellular components revealed no significant differences in integrin binding among FN on different surfaces. To enhance the visualization of integrin clusters, this experiment was performed in the presence of serum, which is known to contain large amounts of FN and vitronectin that might perturb the effect of the provisional FN matrix previously assembled at the material surface. This is why we investigated protein and gene expression in absence of any additional serum, to enable focusing on the sole effect of FN at the material interface. α~5~ integrin expression was higher for cells seeded on the material-driven FN network (PEA) than on the dispersed globular-like FN matrix adsorbed on PMA ([Fig. 3a](#f3){ref-type="fig"}). The same result was obtained at the gene level for the α~5~ receptor ([Fig. 4a](#f4){ref-type="fig"}). The opposite trend was found for α~v~ expression, which was enhanced on PMA compared with PEA. These results reveal that α~5~ is the main receptor involved during the initial cell interaction with the material-driven FN network, as happens for the interaction of cells with natural physiological matrices.^[@B33]^ α~5~β~1~ binding has been related to the simultaneous availability of the synergy and RGD sequences within FN.^[@B33]^ In contrast, when FN is adsorbed as discrete aggregates on PMA, the availability of the whole integrin binding site of FN is reduced ([Fig. 1](#f1){ref-type="fig"}) and cell adhesion mostly occurs through the α~v~ receptor, which only needs the exposition of the RGD sequence.

After adhesion, cells reorganize the adsorbed layer of FN at the material interface and then secrete matrix proteins.^[@B9]^ In this way, cells assemble FN into a network of fibrils. Along the way, FN experience particular conformational changes, that can be limited after adsorption on the material surface.^[@B40],[@B41]^ This may explain the role of the properties of material surfaces (e.g., wettability) in FN matrix formation.^[@B9],[@B42]^ We have previously shown that cell-mediated FN reorganization does not occur on the material-driven FN network assembled on PEA, due to the high strength of interaction between FN fibrils and the underlying surface chemistry.^[@B43]^ The enhanced initial biological response of the material-driven FN network ([Figs. 2](#f2){ref-type="fig"}--[4](#f4){ref-type="fig"}) can be explained as a consequence of the following phenomena occurring at the cell--material interface after FN assembly into physiological-like fibrils: (i) the availability of the integrin binding sequence ([Fig. 1](#f1){ref-type="fig"}); (ii) α~5~ integrin expression, which leads to enhanced focal adhesion formation and cytoskeleton development ([Figs. 2](#f2){ref-type="fig"}, [3](#f3){ref-type="fig"}); and (iii) enhanced phosphorylation of FAK ([Fig. 2](#f2){ref-type="fig"}).

Matrix protein dynamics is significantly altered on material-driven FN fibrils, since cells are not able to reorganize the underlying matrix of proteins at the material interface.^[@B43]^ Reorganization processes at the material interface have been thought to direct the ability of cells to secrete new matrix, so that FN is only secreted after protein reorganization: cell movements, in the range of the size of the focal adhesion plaques, must take place for matrix deposition to occur normally.^[@B21]^ This has been clearly shown for model hydrophilic and hydrophobic surfaces.^[@B9],[@B42],[@B44],[@B45]^ However, matrix dynamics involve not only the organization of new secreted matrix, but also proteolytic degradation (remodeling) to remove the excess ECM. The relationship between the biocompatibility of a material and matrix remodeling at the cell--material interface remains to be elucidated. The importance of matrix remodeling has been recognized in the design of new biomaterials that include MMP-sensitive sequences.^[@B46]--[@B48]^

We hypothesize that the material-driven FN network must also lead to a different proteolytic activity at the material interface, compared with a similar chemistry on which the protein is not organized ([Fig. 1](#f1){ref-type="fig"}). The effect of material chemistry on the proteolytic activity of cells has been barely addressed so far. Expression of MMP2 and MMP9 has been observed in cells cultured on tissue culture polystyrene. There are only a few studies that address the effect of synthetic materials on MMP expression and activity.^[@B14],[@B49]--[@B52]^ On model surfaces with controlled wettability and surface chemistry, the activation of proteolytic routes occurs in an MMP-dependent way. It has been previously suggested a direct relationship between MMP9 and FN activity at the material interface,^[@B15]^ which we also found in our experiments ([Fig. 6b](#f6){ref-type="fig"}): FN activity was higher on the assembled FN fibrils ([Fig. 1](#f1){ref-type="fig"}), as was the qualitative interpretation of the band for MMP9 activity in [Figure 6b](#f6){ref-type="fig"} (without quantification). Moreover, MMP2 and MMP13 activities (zymography) were much higher on the material-assembled FN matrix, after 4 h and 1 day ([Fig. 6](#f6){ref-type="fig"}). MMP2 has FN type II repeats inserted into the catalytic domain,^[@B11]^ and it has been found to cleave vitronectin and FN *in vivo*, leading to enhanced cell migration.^[@B11],[@B12]^ Degradation of the assembled fibrils at the material interface would enhance the exposure of adhesion sites, which would support enhanced integrin (α~5~) expression and focal adhesion formation in this system. It also supports the proposed relationship between FN activity, the ability to reorganize the underlying layer of proteins at the material interface, and proteolytic cascades: higher MMP activity is required to remodel the provisional matrix when cells are not able to reorganize this layer of proteins at the material interface, as in fact occurs with the material-driven FN network. It is precisely this initial proteolytic activity (after 4 h) that enhanced cellular behavior on the FN fibrils assembled on PEA. This result supports the hypothesis that cells need to rearrange the initial layer of proteins at the material interface, and that this is very much related to the biocompatibility of materials: when the protein--material interaction is so strong that reorganization cannot occur, proteolytic cascades are enhanced to degrade FN, seeking to start microscale movements at the material interface to direct cell function.

Conclusions {#s019}
===========

Material-driven FN fibrillogenesis provides physiological-like FN fibrils upon simple adsorption on specific material chemistries. We have shown that FN assembly results in protein conformation and distribution at the material interface that enhanced the availability of the integrin-binding sequence. Thus cell adhesion occurs primarily through the specific α~5~β~1~ receptor occupancy, with enhanced focal adhesion formation and FAK signaling. Furthermore, we have shown that MMP activity is also enhanced on the material-driven FN fibrils, through a mechanism that is dependent on the ability of cells to reorganize the adjacent layer of proteins at the cell/material interface.
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AFM

:   atomic force microscopy

BSA

:   bovine serum albumin

DPBS

:   Dulbecco\'s PBS

ECM

:   extracellular matrix

FAK

:   focal adhesion kinase

FN

:   fibronectin

MMP

:   matrix metalloproteinase

4-MUP

:   4-methylumbelliferyl phosphate
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